Results obtained from the germination of mature zygospores of Rhizopus stolonifer support the hypothesis that normal meiotic processes operate in the sexual cycle of this fungus. The mating-type allele and a second allele, sul, segregated independently. When immature zygospores were germinated no such regularity was observed, but recombinant auxotrophic genotypes were recovered indicating a predormancy meiosis. However, prototrophic recombinants were not found. Bisexual heterokaryotic strains were also recovered from immature zygospore germinations but were auxotrophic. When cultures were obtained from outgrowths of both suspensors of a single zygospore the genotypes were not always those of the respective parents. This suggests the occurrence of nuclear movement from the immature zygospore to the suspensor cells.
INTRODUCTION
Rhizopus stolonifer (Ehrenb. ex Fr.) h i l l . (= R. nigricans) is a heterothallic fungus classified in the Mucorales. Strains of opposite mating type can be crossed to produce the sexual stage, a zygospore. Mating strains are referred to as either (+) or (-). The zygospore is a large (50 to roo pm diam.) thick-walled cell which must undergo a period of dormancy (minimum 30 days) prior to germination. Zygospore germination proceeds with the production of a germsporangium which resembles the vegetative sporangium.
Germsporangiospores are formed within the germsporangium. The life cycle of this fungus resembles, in its essential details, that of the better known Phycomyces blakesleeanus.
Although the initial description by Blakeslee (1904) of heterothallism in fungi utilized R. stolonifer, the mucoraceous fungi have not, in general, proven amenable to genetic analysis. Recently, reports by Eslava et al. (1975) , Eslava, Alvarez & Delbriick (1975) and Cerdii-Olmedo (1975) have shown that genetic analysis of P. blakesleeanus is not only possible but that the results can be interpreted in Mendelian terms. These studies have confirmed genetically some commonly held notions concerning the nuclear events surrounding zygospore formation and germination. The germspores, enclosed in a germsporangium arising from the zygospore, contain mitotic descendents of one or more meiotic products. Furthermore, germspores are usually homokaryotic (CerdB-Olmedo, 1975 ) and a single germsporangium may contain nuclei derived from more than one meiotic event. A single germsporangium may not contain representatives of all meiotic products. However, pooled data from a number of germinated zygospores provided evidence of Mendelian segregation, i.e. I : I ratios of parental alleles, I : I ratios of parental : recombinant genotypes, etc. It was also concluded that there was no contribution of apogamic nuclei to the germspores (Cerdii-Olmedo, 1975 ).
The initial objective of this study was to elucidate patterns of inheritance in R. stolonifer using two-factor crosses. As the work progressed a number of side issues were also investigated. Chief among these was the discovery, based on a report by Hocking (1967) concerning Media were solidified, when necessary, with 1.5 yo (w/v) Difco Bacto-agar; for SM, washed agar was used. Glass-distilled water was used in the preparation of all defined media. For inhibition of radial expansion of colonies, Triton X-IOO (0.24 g 1-l) was added.
Strains. Wild-type strains UNBI (+) and UNBZ (-) , maintained in the culture collection of the School of Life Sciences, University of Nebraska-Lincoln, Nebraska, U.S.A., served as parents as well as mating-type testers. Auxotrophic parents were all descended from a single mutant strain, U N B~~~B -I~, and had passed through at least three backcrosses to wild-type parents before being used in crosses. Strain UNB226B-I2 was isolated after mutagenic treatment of UNBI (+ ) with N-methyl-N'-nitro-N-nitrosoguanidine. Auxotrophic strains did not grow on SM medium but required an additional sulphur source; methionine was routinely used, but cysteine, homocysteine or sodium thiosulphate could be substituted. The mutant is designated sul-. Wild-type strains were prototrophic, growing on unsupplemented SM medium.
Zygospore collection and germination. Mature zygospores produced on MEA were removed, along with vegetative mycelium and spores, and blended for about I min in a Waring Blendor. Brief centrifugation and rinsing repeated eight to ten times gave a relatively clean suspension of zygospores. The zygospores were then spread on an MEA plate and incubated overnight to allow germination of any remaining vegetative spores. Clean zygospores were removed from the plate using a suction apparatus consisting of a finelydrawn glass tip, a large centrifuge tube and a vacuum pump. Under suction the zygospores were drawn into the glass tip and collected in the centrifuge tube. Sterile water was drawn through the apparatus periodically in order to flush collected zygospores into the centrifuge tube.
The zygospores were then dropped, using a Pasteur pipette, on to the surface of a water agar plate.
Plugs of agar with attached zygospores were cut out and transferred to a filter disc held on top of a piece of folded filter paper in a shell vial. The vial was capped with a Morton stainless steel closure. Care was taken to keep the zygospores moist. Vials were incubated at 18 to 22 "C. Germinating zygospores were removed singly to a COM plate, and the germspores spread over the surface. After 8 to 10 h incubation the germspores had germinated and they were transferred singly to COM slants. Such cultures are referred to as single germspore (SGS) cultures. In most cases 10 SGS cultures were sampled from each zygospore germination. The average number of germspores per germsporangium was 350.
Mating-type tests. All cultures were contrasted separately against both UNBJ (+) and U N B~ (-) on MEA.
Test for auxotrophy. Vegetative spores of strains to be tested were inoculated into SM liquid medium. If no growth was detected after 48 h the strain was considered to be auxotrophic. The response of auxotrophs to methionine (0.2 mg ml-l) was also noted.
Immature zygospore germination. Young zygospores (from a culture 3 to 4 days old) which had not yet developed a thick dark exospore were removed from the culture with fine forceps. They were placed on an MEA plate and adhering mycelium, if present, was teased away. The immature zygospores were observed over the next 6 to 12 h for evidence of hyphae originating from the zygospore itself. Hyphal tips were then removed and transferred singly to COM slants. It was also possible to detect and remove hyphae originating from the suspensor cells. Hyphal tip cultures obtained from both suspensors of a single zygospore are referred to as paired suspensor isolates.
Reversion experiments. Spore suspensions of auxotrophic strains were spread on the surface of SMCYT plates (SMCY with Triton X-100) to estimate the total number of viable spores. A lower dilution of the same spore suspension was spread on SMT plates (SM with Triton X-100). The number of colonies appearing on the latter medium provided an estimate of the reversion frequency.
Scoring. In a two-factor cross, four possible genotypic combinations among the progeny are possible. The germspores in a single germsporangium may be of one type only, or they may represent two, three or all four types. For a single zygospore germination two types of scoring may be employed: (i) the genotype of each SGS culture can be determined and scored; (ii) the presence or absence of each genotype from a single germsporangium can be determined. In the work reported here both types of scoring were used. Eslava et al. (1975) 
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Two-factor crosses between UNBI (+) and (-) sul-strains. A total of 169 mature zygospores from six different crosses were germinated and their products analysed. Single hyphal-tip cultures from I 30 immature zygospores representing eight separate crosses were also investigated ( Table I , lines I and 2). The results from mature zygospores indicate that the variation from an expected I : I : I : I ratio was significant (P < 0.01) when the genotypes of all SGS cultures were considered, but was not significant (P = 0.05 to 0.1) when only the presence or absence of a genotype from each germsporangium was scored.
No such regularity was evident in the results from immature zygospores. Indeed, progeny having one of the two possible recombinant genotypes were recovered, as well as bisexual (+ / -) progeny. Bisexual cultures appeared normal and gave no indication of their nature except for the occasional appearance of zygospores in the culture itself. Both the recombinant genotype and the bisexual strains were auxotrophic. In all, auxotrophic strains comprised 85 % of the progeny tested from immature zygospores. Microscopic evidence that hyphae do originate from immature zygospores is presented in Fig. I . Two-factor crosses between UNB2 (-) and (+) sul-strains. Five crosses involving 1 5 9 mature zygospores were analysed; the results are summarized in Table I (lines 3 and 4).
Again, the variation from the expected ratio was significant (P < 0.01) when the genotypes of all progeny were considered, but not (P = 0.1 to 0.2) when the presence or absence of a genotype from each zygospore was scored. No recombinant progeny were recovered from immature zygospores in 10 crosses involving 106 zygospores, and no bisexual strains were found. The mating-type ratio was disproportionate toward the (+) mating type.
In another cross of this type using a different wild-type parent, UNBI 12 (-) sul+, some auxotrophic recombinant and bisexual strains were recovered ( Table 2) .
Segregation ratios for each of the two factors and parenta1:recombinant ratios are summarized in Table 3 . When the mating-type alleles were considered separately, the variation from a I : I ratio was significant only when all progeny were considered. For the sul alleles, variation from the expected I : I ratio was significant in the cross (+) sul-x UNB2 (-) both for the genotypes of all progeny and for the presence or absence of a genotype from each zygospore. Parental : recombinant ratios were compatible with the hypothesis that the two loci were segregating independently.
One-factor crosses involving only prototrophic strains. The results of three separate crosses with both mature and immature zygospores are summarized in Table I (lines 5 and 6). The data from mature zygospores gave a close fit to the expected I : I ratio when the genotypes of all isolates were scored (P = 0.5 to 0.7) and when each zygospore was scored for the presence or absence of a genotype (P = 0.7 to 0.8), but the results from immature zygospores were disproportionate for the ( +) mating type.
One-factor crosses involving only auxotrophic strains. Surprisingly, 23 % of the progeny from mature zygospores were prototrophic (Table I, lines 7 and 8). From immature zygospores, however, the frequency of prototrophs was low (< I yo). Thirteen percent of the progeny from immature zygospores were bisexual, and, characteristically, auxotrophic. The mating-type ratio (disregarding the bisexual strains) varied significantly from a I : I ratio when all isolates were considered (P < 0.05) but not significantly when the presence or absence of the type from each zygospore was scored (P = 0.3 to 0.5).
Reversion frequency. To determine whether or not auxotrophic strains could give rise to prototrophic vegetative progeny, 29 auxotrophic strains were plated at various dilutions on SMCYT and SMT agar plates. Nineteen of the isolates were obtained as single vegetative spore (SVS) cultures from two auxotrophic strains. Ten isolates were derived as SGS cultures from a single zygospore germination. The frequency of appearance of prototrophic No. of Table 3 . Segregation ratios of progeny from two factor crosses (mature zygospores only)
The results show the total number of isolates of each type and, in parentheses, the total number of zygospores yielding that type.
The variation from the expected I : I ratio is significant at the 5 % probability level for values shown in italics. (45) 607 (174) 50 (55) 619 (160) 51 (51) 592 (154) 49 (49) Meiotic segregation in Rhizopus % strains appears to be consistent with a hypothesis of reversion (3.04 prototrophs per 10 spores) ( Table 4) . Recovery of both mating types from bisexual strains. .Between 15 and 20 SVS isolates were obtained from each of eight bisexual strains and tested for mating type. Both (+) and (-) isolates were recovered from five of the eight strains; IOO isolates were (+) and 42 were (-). Only one SVS isolate was bisexual.
Paired suspensor isolates. Part of the evidence which Blakeslee (I 904) presented to support the hypothesis that R. stoZonifer was heterothallic was to show that cultures derived from both suspensor cells of a single zygospore were of opposite mating type. Similarly derived cultures from immature zygospore suspensors were tested. The results indicate that while the majority (51/68) of the paired suspensor isolates tested did represent each of the two parental genotypes, a sizeable number (17/68) did not. In 13 cases, both isolates were of the same parental genotype; in three, they were of the same recombinant genotype; and in one, one isolate was parental while the other was recombinant.
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DISCUSSION
The results from two-factor crosses utilizing mature zygospores indicate the operation of normal meiotic processes in the sexual cycle of R. stolonifer, with independent segregation of the mating type and the sul loci. Although each zygospore germination may not yield representatives of all four meiotic products, nevertheless when the results from large numbers of zygospore germinations are pooled a Mendelian pattern is seen. It must be noted, however, that this is dependent on the method of scoring. If the presence or absence of each genotype from each zygospore is scored, the disproportion observed when total SGS progeny genotypes are considered decreases. These results essentially agree with those presented for P. blakesleeanus by Eslava et al. (1975) .
Evidence obtained from immature zygospore germination suggests that meiosis must be occurring prior to the onset of zygospore dormancy in R. stolonger. This contradicts the report of Cutter (1942) who concluded, from cytological observations, that meiosis occurred just before zygospore germination at the end of dormancy. It does not preclude the possibility, however, that the germination process itself may bring about the initiation of meiosis. The absence of prototrophic recombinants from immature zygospores is puzzling. Equally difficult to explain is the presence of bisexual strains from immature zygospores only when both nuclear members carry the auxotrophic allele. That the bisexual strains are heterokaryotic is borne out by their segregation, when single vegetative spores are isolated, into component (+) and (-) strains.
If the results from mature zygospores are consistent with normal nuclear events and Mendelian rules, why are the results obtained from immature zygospores inconsistent? How is it that a genotype not found at an early stage is present at a later stage?
A persistent, and disturbing, feature of sul-x sul-crosses was the appearance of prototrophi'c strains among the progeny of mature zygospores : 27 yo of the mature zygospores germinated in these crosses yielded some prototrophic SGS cultures and 23% of the SGS cultures themselves were prototrophic. Reversion rates for the sul-vegetative cultures were several orders of magnitude lower than this. There are at least three possible explanations for the high frequency of prototrophs. (i) The crosses may have involved nonallelic sul-markers, so that the 'revertants' were really recombinants. The fact that all sul-parents used in these crosses were derived from a single mutant strain detracts from this possibility.
(ii) The presence of suppressor mutations could account for the reversion but could not account, by itself, for the large difference observed in reversion frequency between vegetative spores and germsporangiospores. (iii) Reversion, uniquely associated with meiosis, has been reported by Magni & von Borstel (1962) and Magni (1963). The utilization of the single-celled Sacchurumyces cerevisiae allowed them to derive accurate reversion frequencies when comparing vegetative and sporulating cells. The reversion rate following meiosis was six to 20 times higher than that found in vegetative cells (mitotic). The underlying mechanism of reversion was attributed to unequal chromosome exchange during the meiotic process. Whatever the explanation, it must take into account the likelihood that the reversion process is uniquely associated with the sul-x sul-cross. No disproportionate numbers of prototrophs appeared in either of the reciprocal two-factor crosses.
Another unusual feature of the immature zygospore recombinant production was that when a different (-) suI+ parent in two-factor crosses was used (Table 2) , recombinant progeny were recovered and bisexual auxotrophic strains were found. It is thus clear that reciprocal crosses of the sul strains can both produce auxotrophic recombinants as well as bisexual auxotrophic strains, but only when proper combinations of parents are used.
Hawker & Gooday (1969) have shown in Rhizopus sexualis that the walls separating the suspensor cells from the zygote itself are formed prior to the dissolution of the wall separating the two gametangia. In view of this it is difficult to understand why paired suspensor isolates do not always give rise to the respective genotypes of the parents. The results strongly suggest that nuclear movement can occur, following meiosis, from the immature zygospores into the suspensor cells.
Cytological and genetic evidence in P. blakesleeanus (Cerdi-Olmedo, I 975, and personal communication) supports the contention that germspores in that species are predominantly homokaryotic. Vegetative sporangiospores from heterokary otic cultures may, however, be heterokaryotic (Heisenberg & CerdB-Olmedo, I 968). The infrequent occurrence of bisexual SGS cultures in R. stolonifer provides marginal evidence that germspores of this species, likewise, are predominantly homokaryotic. Unfortunately, the thick melanized wall of the Rhizopus sporangiospore precludes easy cytological observations.
